Introduction
Paravalvular aortic leakage (PVL) after transcatheter aortic valve implantation (TAVI) is a complication with potentially severe consequences. 1, 2 In particular in a self-expandable system such as the CoreValve System V C , calcified valves may pose resistance to prosthesis deployment, resulting in an ellipsoid-shaped valve stent and a higher incidence of PVL. Indeed, quantification of calcification by the Agatston score was predictive for PVL in patients who underwent a CoreValve implantation. [3] [4] [5] However, in CoreValve specific studies the relationships between the Agatston score and stent frame eccentricity and stent frame eccentricity vs. PVL severity and localization were not studied. Only for the balloon-expandable Edwards SAPIEN TM prosthesis, data on the correlation between stent frame eccentricity and PVL were reported by one single centre. 6, 7 Unfortunately, discrepant findings were reported by the authors.
. No relation was seen when eccentricity was assessed by transoesophageal echocardiography 7 whereas a positive relation was seen when eccentricity was defined by computed tomography (CT). 6 This study sought to assess in a large single-centre consecutive CoreValve series the relation between the Agatston score and native annulus shape vs. stent frame eccentricity, and stent frame eccentricity and subsequent PVL as defined by Valve Academic Research Consortium (VARC-2) criteria. 8 
Methods
Included in the study were 223 consecutive patients with severe aortic stenosis (AS) who underwent TAVI with a Medtronic CoreValve System V C from June 2006 to November 2012 and had pre-discharge transthoracic echocardiography. 53% of the patients were male, with a median age of 81 (78-85) years. The median logistic euroSCORE was 13 (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) . The mean aortic pressure gradient was 42 ±17 mmHg, and the mean valve area was 0.7 ± 0.2 cm 2 . The TAVI implantation procedure in the Thoraxcentre is described in full detail elsewhere.
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Echocardiographic study
At the time of hospital discharge, on average 6 ± 3 days after TAVI, the patients were evaluated using an iE33 ultrasound system (Philips Medical System, Best, The Netherlands) equipped with a S5-1 transthoracic transducer. The extent of PVL was assessed according to VARC-2 criteria. 8 PVL was measured as a continuous value as well as a categorical value: less than 10% of the circumference was defined as mild, between 10% and 30% as moderate, and more than 30% as severe PVL. The localization of PVL was assessed by dividing the stent circumference into twelve equal sectors according to a clock model. As seen in Figure 1 , the native commissure between the right and left cusps (RLC) is located in segments 1 to 3, the one between left and non-coronary cusps (LNC) in segments 5 to 7, and the commissure between the right and the non-coronary cusps (RNC) is located in segments 9 to 11.
The minimum and maximum diameters of the stent were also recorded in the parasternal short axis view in a mid-to-late diastolic frame, at the same stent level where PVL was measured; stent inflow frame eccentricity was defined as a difference between the maximum and the minimum diameter larger than 2 mm. The non-eccentric stents were further labelled as truly circular, with identical minimum and maximum diameters, and near circular, with a difference between the diameters up to 2 mm. The stents found to be eccentric were further divided in different categories following the orientation of the longest diameter in the short-axis view. As seen in Figure 2 , the wide (W) shape was defined as horizontally orientated with the longest diameter between 67.5 and 112.5 degrees, the zero degree being on the upper part of the circumference; the height (H) shape as a vertically orientated longest diameter (between -22.5 and þ22.5); the right (R) oblique shape with an upper right-lower left position (the longest diameter between 22.5 and 67.5 degrees); and the left (L) oblique shape with an upper left-lower right position (between 112.5 and 157.5 degrees). Finally, the echocardiographic eccentricity index was defined as 100 x [1-(minimum stent frame diameter/maximum stent frame diameter)].
CT study
CT data were available in a subgroup of 162 (73%) patients. The assessment of the aortic annulus was performed using dual source CT (Somatom Definition, Siemens Medical Solutions, Forchheim, Germany). The pitch was adjusted to fit the heart rate. After a non-contrast scan, performed to obtain the Agatston calcification score, 50-60 mL of VisipaqueVR 320 mg l/mL, (GE Health Care, Eindhoven, The Netherlands) was injected in an antecubital vein at a flow rate of 5.0 mL/s followed by a second contrast bolus of 30-40 at 3.0 mL/s. The scan ranged from the top of the aortic arch to the diaphragm. 3D reconstructions in end-systole were then derived using a single-segmental reconstruction algorithm with slice thickness 1.5 mm and increment 0.4 mm. The radiation doses ranged from 8 to 20 mSv depending on body habitus and table speed, the vast majority received radiation doses between 8 to 12 mSv. The shape of the native annulus was assessed by the eccentricity index, defined as 100 x (1-(minimum aortic annulus diameter/maximum aortic annulus diameter).
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Statistical analysis
All data were analysed using SPSS (IBM, version 20). Continuous variables were checked for normality of distribution via the Kolmogorov-Smirnov test and were expressed as mean (± standard deviation) or median (interquartile range). Categorical data is presented as frequency (percentage). Correlations were evaluated using the Spearman's coefficient (q). Statistical differences between groups were assessed using the MannWhitney and Kruskal-Wallis tests for nonparametric data.
Results
Stent eccentricity
The distribution of the various stent inflow frame shapes at predischarge echocardiography is reported in Table 1 . Most of the stents were circular or near-circular (difference between minor and major axis of stent frame < _2 mm) (146; 65%). Among the non-circular ones, the W shape accounted for 24 cases (11%), the H shape for 11 (5%), the R shape for 25 (11%), and the L shape for 17 (8%).
Relation between Agatston score and stent frame eccentricity
The mean Agatston score was 3345 ± 1870. As seen in Table 2 , the values according to the shapes were for circular stents: 2919 ± 1505 with 3241 ± 1774 in true circular stents and 2776 ± 1357 in nearcircular ones. The values for eccentric stents were 4159 ± 2116; W shape: 4139 ± 2320, H shape: 4757 ± 2639, R shape: 4299 ± 2076, and L shape: 3500 ± 1870. The correlation between the Agatston score and the amount of eccentricity, calculated as the post-TAVI echocardiographic stent eccentricity index, was significant (q = 0.241, P = 0.003).
Relation between native aortic annulus eccentricity and subsequent stent frame eccentricity As seen in Table 2 , the CT-derived eccentricity index of the native aortic annulus was not different between the circular, near-circular, and eccentric shaped stent frames as seen at pre-discharge echocardiography, nor was there a difference between the different shape types. Also, the correlation between the CT-derived eccentricity index of the native aortic annulus and the echocardiographic eccentricity index of the implanted stent was extremely poor (q = -0.016, P = 0.845).
Paravalvular leakage
The median PVL extent along the stent circumference as suggested by VARC-2 score was 3% (0-11%). Paravalvular leakage was absent in 91 cases (41%), mild in 67 (30%), moderate in 51 (23%), and severe in 14 (6%) cases. The correlation between stent frame eccentricity and PVL severity (VARC-2 score) was significant (q = 0.525, P < 0.0001). As seen in Table 1 , PVL was more often seen in non-circular stents than circular stents; the median VARC-2 value for circular was 0% (0-4%), while it was 12% (6-18%) for eccentric shapes (P <0.001). No significant differences in PVL extent were seen between particular stent frame shapes.
Relationship between stent eccentricity and location of paravalvular leakage Distribution of sectors positive for PVL for each stent shape is reported in Figure 3 . The number of patients with evidence of PVL in the area of the defined native commissures is displayed in Table 3 , according to the commissure localization previously defined in Figure 1 . Compared to (near) circular stent frames PVL occurred more often at the RLC in W, R, and L-shaped stent frames (63%, 68%, and 65% vs. 26%, respectively; all P < 0.05), at the LNC in W and R-shaped stent frames (50% and 64% vs. 16%; all P < 0.05), and at the RNC in the R-shaped stent frame only (28% vs. 7%; P < 0.05). Figure 4 shows the PVL localization in two patients with W and R-shaped stent frames, respectively.
Relationship between the CT-derived angle of the aortic annulus plane and stent eccentricity or paravalvular leakage No significant correlations were found between the CT-derived angle of the aortic annulus and stent frame eccentricity. Also, no significant correlations were found with PVL severity or PVL location. 
Discussion
The main findings of this study are (1) approximately one third of CoreValve stent frames show a clear asymmetric shape at predischarge echocardiography, (2) the pre-TAVI Agatston score correlates-in contrast to the eccentricity index of the native aortic annulus-to the extent of frame eccentricity, (3) PVL severity correlates to the eccentricity of the stent frame, and (4) the site of PVL was dependent on the shape of the stent frame.
The relationship between the amount of calcification of the native aortic annulus measured as the aortic root Agatston score and the degree of PVL after TAVI has been described before in multiple studies 3, [12] [13] [14] [15] [16] [17] [18] although in most of them PVL was not scored according to the current VARC-2 recommendations. 8 In one study, the relation between the localization of calcium in the aortic annulus and the localization of PVL was also highlighted. 13 However, the association between calcium score, stent frame eccentricity and subsequent PVL is not described in detail before. For balloon-expandable devices it has been shown that consistent radial forces during the placement are developed, leading to a change in the structure of the aortic annulus which becomes less elliptic after the TAVI procedure. 6, 19, 20 The CoreValve system instead only relies on the passive expansion of the nitinol structure to adhere to the aortic walls, and could be less effective in remodelling a calcified native valve, although it should be recognized that pre-dilatation in severely calcified aortic valves is often done. To our knowledge, no study has been published yet about the evaluation of the stent frame shape after the placement of a CoreValve prosthesis and the relation with PVL. One third of CoreValve stent frames showed an asymmetric shape at pre-discharge transthoracic echocardiography. Importantly, there was no relation between the native annulus shape and the eccentricity of the stent frame, so even in the self-expandable CoreValve device the native shapes seems to adapt to the prosthesis, rather than vice versa. On the other hand, the Agatston score correlated to the extent of stent frame eccentricity, so it is the calcium that defines the shape of the CoreValve prosthesis expansion. The eccentricity of the stent frame was strongly associated to the extent of PVL. According to the eccentricity, we defined several categories (profound irregularities other than these were only rarely seen). In order of prevalence these were the R-shape, W-shape, L-shape, and H-shape. Interestingly, the localization of the PVL was influenced by the shape of the stent frame. Leakage at the RLC was more often seen in W, R, and L-shaped stent frames, leakage at the commissure between the LNC was more often involved in W, R-shaped stent frames, and leakage at the RNC was more often seen only in R-shaped stent frames. This is not surprising, as the particular configuration of the L-shaped stent frames is likely to be not well adherent to the aortic wall in the right upper quadrant, where the RLC is located. In contrast, the R-shaped stent frame is most likely to show PVL at the other commissures. Of note, the R-shaped stent frames also showed, as compared to circular stents, more PVL in the RLC but the increase was only 2.5-fold compared to 4-fold increases in PVL at the other two commissures. Finally, the W-shaped stent frame is most likely to be not well adherent to the wall at the LNC commissure sectors in the inferior sectors.
Clinical implications
The randomized CHOICE trial demonstrated more PVL with the self-expanding Corevalve than with the balloon expandable SAPIEN XT prosthesis. 21 In addition, devices with a sealing fabric may perform better in patients with more annular calcification. The mechanically expanded Lotus valve has repeatedly demonstrated extremely favourable moderate PVL rates. Therefore, balloon-expandable transcatheter heart valves with more radial power may be preferred over mechanically expanded valves in cases of heavy annular calcification. However, a definite recommendation should be based on direct comparison between different devices in a randomized fashion with a prespecified analysis for calcium burden.
Limitations of the present study
The data about the stent frame eccentricity and shape could be affected by the limitations of two-dimensional echocardiography since this technique is easily influenced by an incorrect scan plane or by suboptimal image quality. In this respect, it should be acknowledged that three-dimensional echocardiography and in particular transoesophageal echocardiography would be a superior technique. 7 However, this was at the time not considered feasible in patients as a routine screening technique for PVL. In particular, a scanning plan not perfectly perpendicular to a circular stent could give the illusion of a H-shaped stent frame, while it is unlikely to result in a false W, R, or L-shaped stent frame. This may also be the explanation why the Hshaped stent frames (that actually more often looked a little bit fuzzy) had the lowest prevalence of PVL and were not related to specific PVL localizations. Remarkably, however, the H-shape stent frame only accounted for the least number of cases in the present study. Conversely, it is possible to inadvertently 'correct' a real W-shaped stent frame to circular by choosing an oblique scan plan during image acquisition. The two-dimensional transthoracic echocardiographic defined stent shape should in the future be validated against a superior standard such as three-dimensional transoesophageal echocardiography or post-TAVI CT images. It would also be interesting to correlate stent frame eccentricity to other outcome parameters. The direct effects of post-dilatation on PVL could not be assessed because in this study only the pre-discharge echocardiograms were assessed. Final stent eccentricity in patients with and without postdilatation was similar (data no reported).
Unfortunately, the CT software used in this study was not able to study the relation between the precise site of calcium and subsequent stent frame shape (and thus PVL). 13 
Conclusions
Calcification of the aortic annulus is associated with a subsequent eccentric shape of the CoreValve prosthesis. This eccentric shape results in more PVL, with the localization of PVL related to the shape of stent frame eccentricity.
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